Microfluidics has the potential to revolutionize the way we approach cell biology research. The dimensions of microfluidic channels are well suited to the physical scale of biological cells, and the many advantages of microfluidics make it an attractive platform for new techniques in biology. One of the key benefits of microfluidics for basic biology is the ability to control parameters of the cell microenvironment at relevant length and time scales. Considerable progress has been made in the design and use of novel microfluidic devices for culturing cells and for subsequent treatment and analysis. With the recent pace of scientific discovery, it is becoming increasingly important to evaluate existing tools and techniques, and to synthesize fundamental concepts that would further improve the efficiency of biological research at the microscale. This tutorial review integrates fundamental principles from cell biology and local microenvironments with cell culture techniques and concepts in microfluidics. Culturing cells in microscale environments requires knowledge of multiple disciplines including physics, biochemistry, and engineering. We discuss basic concepts related to the physical and biochemical microenvironments of the cell, physicochemical properties of that microenvironment, cell culture techniques, and practical knowledge of microfluidic device design and operation. We also discuss the most recent advances in microfluidic cell culture and their implications on the future of the field. The goal is to guide new and interested researchers to the important areas and challenges facing the scientific community as we strive toward full integration of microfluidics with biology.
Introduction
Over the past decade, microfluidics has emerged as a technology with the potential to make significant impact on cell biology research. The ability to manipulate small volumes of fluid in micron-sized channels, capillaries, and other geometries has led to new methods of designing and performing biological experiments, and is paving the way for innovative approaches to understanding fundamental biology. In the process, microfluidic devices are becoming increasingly high-throughput and integrated, and closing in on realizing the potential of labon-a-chip systems that were promised at the beginning of the microfluidics revolution.
understand the fundamental aspects at the microscale before embarking on research work that involved complex biological systems, such as a living cell. But once knowledge was made available on how to exploit the chemical and physical aspects of microfluidics, it was natural for microfluidics and biology to intersect and establish its own area of interdisciplinary research. Cells and their internal structures have physical dimensions on the order of microns, and thus can be suitably manipulated, tested and probed in microfluidic environments using tools developed with microscale technology.
While the often-cited advantages of microfluidics, including faster response times, lower reagent volumes, and potential for integration, are major considerations in the area of chemistry as well as in biology, the most influential benefit of using microfluidics for biology is the ability to tailor the cellular microenvironment. In moving from macro-to microscale, there is unprecedented control over spatial and temporal gradients and patterns that cannot be captured in conventional Petri dishes and well plates. To make significant strides in biology and microfluidics, therefore, it is necessary to understand the intricacies of the cell microenvironment, how it differs across physical scales in vitro, and how best to control it using benefits of the microscale.
So far, progress in the area of biology-related microfluidic systems has been mostly in proofof-principle demonstrations, with large research efforts toward testing the behavior of various cell types in different geometries and on different platforms. However, general progress has been somewhat hindered by the lack of a complete understanding of why living cells behave differently when moved from macroscale culture to confined microscale geometries. 2 Cell culture techniques cannot be directly transferred to microfluidic environments without consideration of the physics of the microscale. 3 Some recent reports have also begun to reveal challenges with existing microfluidic methods, and have in some cases provided possible solutions that may lead to new directions in the field. Thus, there is an apparent need to synthesize the ideas of the past decade and the current developments in microfluidics to facilitate the advancement of microscale cell culture toward truly integrative biological experimentation and outcomes.
The main purpose of this tutorial review is to summarize the key elements of microscale cell culture and the major recent advances in the area. In the process, we define the cell microenvironment, discuss conventional cell culture techniques, and summarize the major techniques for microfluidic control as they pertain to microfluidics. We then integrate these fundamental ideas and provide an updated guide to the important factors that influence cell culture at the microscale. The hope is for this guide to direct the interested reader to the important areas that need to be addressed to further advance the field of microfluidics, and to realize the full integration of microfluidics and biology. While other useful reviews have discussed the broad area of lab-on-a-chip cellomics that encompass all cell-based microfluidics topics including cell sampling, cell manipulation and sorting, as well as cell treatment and analysis, 4, 5 this tutorial review focuses on the aspects of treatment and analysis, with emphasis on how to assess the microenvironment. These areas are more likely to interest the biologist and the bio-or analytical chemist, who are concerned with the effects of treatment and the sensitivity and accessibility of detection methods.
Fundamentals of microscale cell culture
Culturing cells in microfluidic devices requires an understanding of certain fundamental principles that span multiple disciplines, including biology, biochemistry, physics and engineering. First, it is necessary to have knowledge of key elements of the cellular microenvironment in order to help develop in vitro models that more closely mimic the conditions that exist in vivo. Second, it is imperative to have command of the techniques in cell culture to aid the translation of methods from macro-to microscale. Third, it is important to have a strong background in microfluidics, and an awareness of the state of the art in microscale technology so that tools can be designed appropriately for their intended applications. The ability to advance the area of microscale cell culture will depend on understanding these fundamental areas, which we review here in succession. We then integrate these basic ideas, and discuss how to control the microenvironment in vitro using microfluidics.
Cell microenvironment
Cells reside in a milieu composed of soluble factors, cell-matrix interactions, and cell-cell contacts, and do so while living within an environment with specific physicochemical properties (pH, oxygen tension, temperature, and osmolality) (Fig. 1) . These elements give the environment a distinct physiological character, and provide a set of extracellular cues that work in concert to regulate cell structure, function, and behavior, and ultimately influence the growth, development, and repair of neighboring tissue. The combination of these biochemical, physical, and physicochemical factors constitutes the cell microenvironment, (although the term tissue microenvironment is also used depending on the context of the work). For stem cells, the local microenvironment, or stem cell niche, holds the key to regulating stem cell survival, selfrenewal, and differentiation. 6 In cancer biology, tumor and organ microenvironments can give rise to cancer cells that are conditioned for metastasis at ectopic locations. 7 In the context of microfluidic cell culture, we focus on microenvironments at the cell and local tissue level, which have physical scales amenable to microchannel dimensions. It is reasonable to assume that examining cell and tissue microenvironments will also help elucidate aspects of the microenvironment at the larger organ level.
Most cells in the body are non-circulating, and therefore depend on attachment to the surrounding extracellular matrix (ECM) for survival. Cells are anchored to the ECM via cellsurface integrins that are responsible not only for the physical attachment of cells to the matrix, but also for sensing and transducing mechanical signals from focal adhesion sites to the cytoskeletal machinery within the cell. 8 These signals are known to drive various cellular processes that include migration, proliferation, differentiation, and apoptosis. Some cell types such as endothelial cells also rely on cell-cell contacts via cadherins for additional physical support, allowing the endothelium to sense, transduce, and resist hemodynamic shear forces as a larger cellular monolayer. 9 Together, the forces exerted on the cell through mechanical attachments and external stimuli form a dynamic three-dimensional (3D) physical microenvironment that must be carefully considered when modeling cells and tissues in vitro.
The biochemical microenvironment consists of cytokines, growth factors, hormones and other biomolecules, which combine to form complex signaling pathways that contribute to deciding the fate of the cell. 10 Soluble factor signaling occurs mainly via autocrine and paracrine processes, which rely heavily on diffusion of molecules to neighboring cells either of the same or of a different type. Endocrine signaling also plays a role, but relies more on convective transport of hormonal signals from distant locations in the body to the local microenvironment. The effects of soluble factors on cell regulation depend on the concentration, half life, and receptor binding affinities of the ligand of interest. The majority of biological experiments revolve around determining these biochemical effects, and then proposing the mechanisms by which certain soluble factors regulate specific cell processes. For example, the success of certain drug candidates in drug screening tests depends on detailed pharmacokinetic analyses of turnover rates and dose-response curves that shed light on how the drug behaves in the biochemical microenvironment of the cell.
Whether the microenvironment is physical or biochemical in nature, an important aspect of the environment is the presence of gradients that can persist in the vicinity of the cell, often acting as signals themselves to regulate cell function and behavior. Chemical gradients exist naturally due to diffusion, whereas gradients in matrix stiffness or ECM composition are intrinsically built into the heterogeneity of the tissue structure. Since gradients have such an important role in many processes, including migration, angiogenesis, and tumorigenesis, more and more studies are incorporating gradients into their assays, resulting in improved understanding of chemotactic (cell motility in presence of chemical gradient), durotactic (cell motility in presence of substrate stiffness gradient), and haptotactic (cell motility in presence of gradient of surface-bound ligands) effects on cells. More importantly, microfluidics is expected to play a significant role in the design and implementation of such gradient assays because of the ability for microfluidic geometries to establish stable gradients of various forms. 11 Because of the obvious coupling between biochemical and physical cues, studies are beginning to surface that examine the combinatorial effects of soluble factor signaling and cell-matrix interactions on cell behavior. 12 These types of studies are especially important for drug screening tests and for optimization of microenvironments in tissue engineering applications where long-term performance of tissue constructs are dependent on many factors that act synergistically. It is not surprising that these studies are appearing at the same time that microscale technologies are beginning to integrate into the biological research community, and it is likely that microfluidics will also contribute in a significant way to how cellular microenvironments are designed and studied in vitro.
While the physical and biochemical aspects of the microenvironment receive the bulk of the attention in experimental biology, the effects of physicochemical properties on cell behavior have not been studied as extensively. This is understandable given that the physical and biochemical cues are considered the main factors that determine cell processes in normal and pathological development, while properties such as pH, temperature, and osmolality of the surrounding milieu are considered inherent to the in vivo environment, and are expected to remain unperturbed throughout the normal development and life of an organism. However, given reports that abnormal levels of pH and oxygen tension are associated with the development of various pathologies, such as cancer within tumor microenvironments, 13 it is important to ensure these properties are not overlooked when designing and using in vitro microenvironments. In particular, physicochemical properties are critical to the maintenance of cell cultures (see section 2.2 below), and this issue is magnified for cultures at the microscale.
Cell culture
It is rather remarkable that only a century ago the idea of cultivating a living cell outside of a living organism was met with enormous skepticism and resistance. 14 Today, cell culture is part of a huge biotechnology industry that relies on it for mass production of proteins and vaccines, and preparation of cell-based assays for drug screening applications. Moreover, cell culture techniques are an integral part of fundamental and applied cell biology research. Much of our current understanding of biology stems from in vitro experimentation with cells in Petri dishes and well plates, and biology laboratories spend significant amounts of effort and resources on designing and performing experiments based on the in vitro methods that are available to them. Proponents of in vivo methodology often cite as a major weakness of in vitro techniques the inability of a Petri dish to fully capture nuances of the in vivo cellular microenvironment. Yet, there is little doubt that cell culture has had a major impact on modern biology, and will continue to do so as pressures rise to reduce animal testing (particularly in Europe15) and we continue to make further advances in microfluidic cell culture.
Cell culture allows the researcher to isolate specific factors for experimentation outside the complex in vivo microenvironment. By doing so, scientists can make logical hypotheses of the effects of those factors, and through controlled experimentation elucidate the mechanisms that regulate cell function. The goal in cell culture is twofold: to recapitulate as closely as possible the cellular microenvironment while also maintaining enough simplicity so that experimental replicates can be performed to achieve statistically significant results in a reasonable amount of time. Often, there is a tradeoff between these two aspects, and model accuracy is sacrificed for higher throughput, or vice versa. This is where microfluidics is likely to have its largest impact: it has the potential to improve both model accuracy and throughput simultaneously, by giving scientists the freedom to tailor the microenvironment while also reducing the scale of the experimental platform. Here, we briefly summarize the main considerations when performing cell culture in hopes that it will provide insight on the needs of microscale cell culture platforms, and ultimately facilitate the integration between cell culture and microfluidics. Readers interested in a more thorough treatment of basic cell culture techniques are referred to the popular manual by Freshney. 16 The basic elements of cell culture have changed little in the past fifty years. The culture medium serves as the biochemical microenvironment of the culture, and consists of essential amino acids, vitamins, salts, carbohydrates, and other components in aqueous solution. The composition of essential components were discovered in a rigorous set of experiments by Eagle more than fifty years ago (see Freshney16), and is still used today as the main source for the components of some basal media. For cells to proliferate in culture, basal media must be supplemented with factors that promote cell growth and division, and this is typically achieved by adding fetal bovine or calf serum. While sera contain the necessary growth factors and hormones for cells to proliferate, the composition of sera can also vary considerably from batch to batch, leading to variations in results from one experiment to another. Considerable progress has been made in the development of serum-free media where all components including growth factors and hormones are well defined so that experimental variations can be reduced.
For the most part, the physicochemical properties of the culture system are expected to remain unchanged throughout an experiment (as well as between separate experiments), unless the properties themselves are being tested. The pH and osmolality of the media can be measured with standard laboratory equipment (pH meter and osmometer) prior to use in culture experiments to ensure media has not deteriorated. Temperature and CO 2 levels are usually monitored directly from the incubator controls, while the ambient air within the incubator provides normal oxygen tension levels for the cultures. To maintain a relatively constant and physiological pH of between 7.2 and 7.4, the media can be buffered with sodium bicarbonate, and in certain situations where CO 2 cannot be supplied, with additional buffering agents such as HEPES.
In terms of cultureware, the majority of cell cultures are performed on two-dimensional flat surfaces in commercial plasticware such as polystyrene Petri dishes, flasks and well plates. Hydrophobic polystyrene surfaces are typically plasma-treated to render it hydrophilic, which facilitates cell adhesion. For certain cell types, it may be necessary to provide a coating of matrix proteins on the surface to further promote adhesion, growth, and proliferation. The key factors to healthy, viable cells during regular maintenance of the cultures include appropriate cell seeding density, regular changes of culture media, monitoring of cell growth rates, and timely subculturing of the cells. These aspects are critical to maintaining proper cell phenotype and function, and apply to both macroscale and microscale culture. Each cell type is unique, and it is still routine procedure for the biologist to fine-tune their culturing protocols to suit the needs of their cell type.
While most biologists continue to use conventional two-dimensional cultures as their main format for in vitro experimentation, the past quarter century has also seen the major development of 3D cultures that provide a more realistic model of the physical microenvironment that exists in vivo. Bissell at the Lawrence Berkeley National Laboratories has been a pioneer in the area of 3D culture systems where cells are cultured and tested in in vivo-like tissue architectures. Using techniques developed in her lab, Bissell and colleagues have made novel discoveries in breast cancer development and the mammary gland physical microenvironment, 17 and have also begun to incorporate microscale technology in the form of combinatorial microenvironment microarrays to tease out the synergistic effects of combined soluble and ECM factors on stem cell fate. 18 Although culture techniques have remained unchanged for the bulk of its history, recent progress in microfluidics and other microscale technologies, as evidenced in the work of Bissell described above, suggests that cell culture practices are beginning to evolve. Research laboratories will likely adopt microscale techniques at an ever-increasing pace because of their ability to create physiological microenvironments, as well as their promise to provide highthroughput solutions for intensive biological studies. Although tissue culture in industrial settings will likely follow that trend given enough time, it will perhaps require significant progress both in high-throughput capabilities and in the marketability of microfluidic systems before a massive industry such as biotechnology will change its current course.
Microfluidics: tools and techniques
Microfluidic devices designed specifically for cell culture have certain requirements that distinguish them from microscale systems used for other applications in chemistry or physics. Design considerations of particular importance to microfluidic cell culture include: (1) the choice of material for device fabrication, (2) the geometry and dimensions of the culture region, and (3) the method of pumping and controlling fluid flow. The latter consideration ultimately dictates how the microfluidic device is connected to external components of the overall system. While it is clear that microfluidics offers the engineer-and the biologist-ultimate flexibility over system and experimental design given the plethora of options, it also implies that those involved with the experiment must be aware of all the available choices so that designs can be optimized according to the application. We highlight here the types of materials and options for control that have been largely accepted as the major classes within the microfluidics community, and discuss some of the new directions being pursued.
2.3.1.
Device materials and fabrication-Similar to other niche areas within microfluidics, cell-based studies made the largest strides after the introduction of soft lithography. Soft lithography was popularized by Whitesides and his group at Harvard in the late 1990s, and comprises a set of fabrication techniques similar in concept to photolithography, but with significant benefits for biochemistry and biology. 19 The most popular material used in soft lithography is poly(dimethylsiloxane), or PDMS, a silicon-based elastomeric material with a number of physical and practical properties that make it desirable for experimentation. PDMS is fairly cheap and easy to mold, making it ideal for rapid prototyping of microfluidic designs and for transferring micropatterns with high fidelity via stamping techniques. PDMS is suitable for cell experiments because it is non-toxic to cells, is gas permeable, and has excellent optical properties, including low autofluorescence and optical transparency for imaging applications. Furthermore, the elastomeric properties of PDMS allow it to readily deform when subjected to local displacements, allowing the integration of built-in valves and pumps via multilayer soft lithography. 20 To make enclosed microchannels, PDMS can be bonded to different materials (e.g., PDMS, glass, polystyrene) quite easily using various methods such as oxygen plasma treatment and additional curing.
While the many advantages of PDMS have established its well-known popularity among microfluidics researchers, a growing number of reports are beginning to reveal some unfavorable characteristics of PDMS that may limit its future use for microscale cell culture. Kim and co-workers alluded to these challenges in a previous review on microfluidic perfusion systems. 21 More recently, however, work from our group has revealed that PDMS further confounds cell culture results by sequestering small hydrophobic molecules such as estrogen, and by leaching out uncrosslinked oligomers from the PDMS bulk during culture, which then bind to cell membranes. 22 Also, as cells are exposed to PDMS for longer durations, cell metabolism and proliferation are affected, possibly as a result of the presence of PDMS. 23 This growing awareness of the potential artifacts and biases associated with PDMS is providing an impetus for the microfluidics community to consider other options for materials.
The most logical choice for an alternative material for devices is polystyrene because it is the most common plastic used for traditional cell cultureware. Polystyrene microfluidic devices for cell culture applications have recently surfaced in the commercial market (e.g., Bellbrook Labs, Integrated BioDiagnostics), illustrating that the industry has already recognized a need to conform to the needs of biologists who are accustomed to certain materials. In academic research laboratories, micromolding techniques for fabrication of thermoplastic microfluidic devices has also been well-documented. 24 A recent report from the Takayama group has employed a hot embossing technique using epoxy molds to fabricate polystyrene-based microfluidic devices for cell culture, with potential to incorporate soft substrates such as polyurethane or PDMS as a bonded surface. 25 In yet another example, rapid prototyping of polystyrene microfluidic devices has been achieved by the use of "Shrinky-Dinks" thermoplastic sheets. 26 Shrinky Dinks plastics are an arts and crafts toy for children with the property that drawn artwork on the plastic surface can be shrunk in size after heating the material. This property was recently exploited by Khine and co-workers to produce positive relief masters for microfluidic devices. Together, these developments are revealing a trend toward microfluidic devices made with more common bioware materials, as well as a trend against further investments into materials with undesirable and unknown effects on cultured cells. For the foreseeable future, however, PDMS will continue to provide an affordable rapid prototyping option for most research laboratories, and will work in concert rather than in competition with other materials such as polystyrene.
2.3.2.
Geometries-Lithographic techniques allow for infinite possibilities when it comes to geometry, but for cell culture applications, some important considerations must be recognized. First, microchannel dimensions for cell culture are typically at the larger end of the spectrum for channel sizes, ranging from 100 to 1000 microns. Smaller microchannel crosssections, on the order of tens of microns, are common in chemical applications such as electrophoretic separations, and are more suitable for single cell analyses or for chips designed for cell sorting and cell manipulation. These applications have been reviewed elsewhere. 4, 5, 27 For biological experiments, unless single cell analysis is coupled with high throughput methods for measuring endpoints, enough cells will need to be cultured in the microchannels to permit population-based analyses, and this implies a need for larger channel culture regions.
The flexibility in geometry permits the generation of stable gradients in both soluble and surface-bound factors. 11 This is particularly useful for controlling the cell microenvironment in chemotaxis studies (as well as durotaxis and haptotaxis studies) where spatial and temporal concentration gradients can induce cell responses such as migration. 28 An important geometric consideration in microfluidic channels is the height-to-width aspect ratio, especially for PDMS-based devices. While the deformability of PDMS was beneficial for fabricating multilayer devices with built-in valves and pumps, the same property leads to undesirable sagging and bulging of microchannel walls when (1) the PDMS layer is thin, (2) pressure is substantial, and (3) maintaining channel cross-sectional shape is important for analysis, such as in shear flow experiments. 29 This issue would be less important for devices made of stiffer materials, such as glass or polystyrene.
Pumps and valves:
going tubeless-Within microfluidic cell culture devices, fluid volumes must be transported and displaced from region to region, using valves and pumps that are either externally connected to the device, or directly built into the system. Inlet and outlet ports of the system serve as points of interaction between the culture region and the external world. The majority of systems employ external pumps (e.g., syringe pumps for nonrecirculatory flow, and peristaltic roller pumps for recirculatory flow) that can be hooked up to the access ports via tubing. This is the method of choice for perfusion systems that rely on constant fluid flow to replenish nutrients and remove waste products in a timely manner. Using multilayer soft lithography, it is possible to incorporate pneumatic valves into the system to produce fully automated, high-throughput culture systems (Fig. 2) . 30 Such a system provides a concrete example of the many benefits associated with microfluidic cell culture. The major concerns with this type of system are the large number of connections required, the potential for leakages at those connections, the technical expertise necessary for proper operation, and the need for elastic materials that possess properties with some confounding issues (see section 2.3.1). These concerns will likely prohibit the widespread use of such complex integrated systems in the research community at large.
A particularly interesting method for pumping and valving fluids in microfluidic channels was developed by the Takayama group, and employs Braille pin displays to deform thin PDMS layers into microchannels in specific sequences to generate peristaltic flow. 31 While the design and concept are both novel, it also has not been widely used in research circles, likely stemming from the challenges associated with the complexity of the equipment, and from the unconventional nature of the platform.
An alternative method of fluid replacement, which has potential for widespread acceptance because of its simplicity and compatibility with existing techniques in biology, is passive pumping. First developed by the Beebe group in the early 2000s, passive pumping relies on the surface tension of different-sized droplets placed at the inlet and outlet ports to drive fluid from one port to the other (Fig. 3) . The difference in droplet volumes induces a differential pressure between ports that generates flow in the microchannel. 32 The major advantage of passive pumping is that it can be performed without connecting to an external pump, eliminating the need for tubing and interconnections at the ports. Passive pumping can be performed simply by pipetting the appropriate volumes of droplets at the ports, and is therefore amenable to automated liquid handling systems that are commonly used in major biology research laboratories. 33 The ability to do experiments with "tubeless" microfluidics is likely to attract an increasing number of biologists to the microscale techniques that are currently being developed. In fact, other researchers have recently begun to study the physical phenomena related to passive pumping in their own microfluidic systems, 34, 35 demonstrating that the technique is receiving support. While passive pumping is an effective method for many applications, it is limited to low volume flows and low pressures. Steady continuous perfusion of microchannels is better achieved with external pumps, even though droplets can theoretically be pipetted continuously in a passive pump cycle that simultaneously adds droplets at the inlet while removing droplets at the outlet.
Membranes-Certain on-chip accessories can be incorporated into microfluidic
devices to add extra functionality to the cell culture systems. Three-dimensional networks are achievable by incorporating commercially available track-etched membranes (polycarbonate or polyethylene terephthalate) into the device during fabrication. The membrane serves as a semi-permeable barrier that separates microchannels on different horizontal planes, allowing communication only at locations where microchannels intersect. Several groups have begun using this geometry for cell-based studies. 36- 38 The most notable is the Takayama group, who have employed membrane-PDMS devices to study lung epithelial cell rupture, and more recently, the adhesion of cancer cells on a microfluidic endothelium (Fig. 4) . 36, 39 The usefulness of this arrangement lies in the in vivo-like organization of the endothelium into luminal and abluminal compartments separated by a membrane that mimics the basal lamina. Such compartmentalization is potentially useful for coculture studies that involve communication between endothelial cells and neighboring cells from the stromal or smooth muscle layers.
Controlling the microenvironment in vitro
The fundamental elements of microscale cell culture discussed above serve as a basis for understanding how to control the microenvironment in vitro. To be able to properly tailor the microenvironment in microfluidic devices, it is necessary to integrate the ideas developed from these elements. Previous reviews have begun examining aspects of cell culture and cellular microenvironments as they relate to microfluidics. Kim and co-workers previously outlined important practical considerations related to operating microfluidic perfusion culture systems, including cell seeding, management of physicochemical properties, mass transport, shear stress, and bubble formation. 21 Walker and Beebe introduced ideas on effective culture volume and surface area-to-volume ratios as they pertain to microscale cell culture. 3 Here, we extend some of the ideas developed from those reviews, and summarize new developments that have addressed previous concerns.
Cell seeding
The first crucial step to obtaining viable cultures in microfluidic devices is cell seeding. Procedures for proper cell seeding can vary considerably from one experiment to another, depending on microchannel design and geometry. While the majority of researchers employ simple syringe-based injection methods for seeding, with varied success, others have also used gravity-driven flow to achieve more uniform seeding throughout the channel. Gravity-driven flow can, for example, be used in conjunction with an open-air funnel-shaped inlet reservoir to reduce cell clogging and improve uniformity of cell distribution. 39 Besides clogging, another key concern when seeding is the potential for cells to settle, accumulate and attach in the reservoir at higher density than the original suspension, even when clogging is absent. The high density of cells leads to faster nutrient depletion and waste accumulation, and causes soluble factors from the reservoir to diffuse into the channel over time. Furthermore, the physicochemical properties including pH and gas concentrations can also significantly change as a result. These factors can have adverse effects on the culture, which can sometimes be seen as a loss in cell viability propagating from the inlet port into the channel. Passive pumping systems can circumvent this issue because precise cell suspension volumes can be dispensed at the inlet port via pipetting so that little or no excess volume is introduced into the ports. Recently, a method to compartmentalize cell culture regions using a fabricated "curtain" has been shown to allow seeding of cells in specific regions of the culture surface. 40 This may prove useful for applications where certain regions need to be initially cell-free, such as free migration assays. In terms of seeding cells into 3D microenvironments, Yu and co-workers in Singapore have developed a series of techniques that include the use of micropillars, 3D matrices, and more recently, a gel-free method where cells can be free to synthesize their own matrix. 41 In addition, the Beebe group has begun to incorporate controlled soluble gradients into microfluidic channels with cells embedded in 3D collagen gels, demonstrating how both physical and biochemical microenvironments can be simultaneously controlled with microfluidics. 42 
Bubbles
Air bubbles are well known to be detrimental to cell cultures because they can rupture cell membranes when they burst. This is especially problematic in microchannels where bubbles can block an entire channel, or impede fluid flow sufficiently to alter flow patterns and disturb the cell culture environment. Due to evaporation through the PDMS (discussed below) bubbles can also grow in size if not removed, potentially drying out sections of the cell culture region. Certainly, there are unique instances where air bubbles can be deliberately applied in a twophase flow system to model physiological phenomena that involve cell damage, such as the effects of liquid plugs on lung epithelial cells in the alveolar space. 36 However, in the majority of culture studies, bubbles are undesirable, and measures should be put in place during the design phase to eliminate them. Despite various methods developed to avoid introducing bubbles into the system, as well as to passively trap those that end up entering the device anyway,21 bubbles are sometimes unavoidable. Thus, the best way to circumvent the issue is to actively remove bubbles when they appear, before they have a chance to enter the culture region.43
Evaporation
An important issue that has recently surfaced due to increasing use of open-air microscale platforms is evaporation. 2 Because the majority of microfluidic cell culture systems are made from PDMS, which is permeable to gas, the media in microfluidic chambers can evaporate if the environment is not properly humidified. Evaporation can be a major problem even in tubing-connected microchannels because of the permeability of PDMS to gas, as evidenced by the shifts in osmolality that have been shown to adversely affect embryo development. 44 Evaporation is an even greater concern in open microwells, and in tubeless microchannel systems where passive pumping droplets are exposed to air and prone to evaporative effects. In such systems, evaporation of droplets at the ports not only reduces total fluid volume in the system, but also concentrates soluble factors in the media and causes evaporation-induced flow, which may ruin stable gradients that were established, or otherwise transport fluid undesirably. Evaporation can be mitigated by understanding the physical principles of the evaporation process, and then designing proper humidification for the specific device under study. 45 
Effective culture time (ECT)
The effective culture volume (ECV) introduced by Walker and Beebe served as a necessary first step in understanding and characterizing microenvironments for microscale cell culture. 3 However, the ECV as a parameter is unable to explicitly provide practical guidance on how to properly culture cells at the microscale based on our experiences at the macroscale. Specifically, the maintenance of cell cultures relies on media changes at regular time intervals, and failure to do so usually leads to cultures of low viability and poor quality because of nutrient depletion and waste accumulation. A typical concern when culturing cells in microchannels is knowing how much to adjust the time interval between media changes due to the much higher culture area-to-volume ratios. Furthermore, some microfluidic applications prefer to use perfusion to continually replenish media components, in which case the question becomes how to determine an appropriate perfusion rate such that replenishment occurs fast enough. We attempt here to solve these two problems by introducing an effective culture time (ECT) and a critical perfusion rate (CPR) based on simple geometric arguments and comparisons of time scales.
In a static culture vessel (at any scale), cells are grown on a culture surface of area A, and bathed in medium with volume V. The medium forms a column of fluid of height h = V/A above the cell layer, which corresponds to the channel height in confined microchannels, and to the height of the air-liquid interface above the cells in flasks and dishes. Height h is considered the characteristic length for microchannels because length and width are considerably larger than h, and h becomes the limiting dimension for diffusion. The key biochemical factors that are being depleted and consumed during the culture period are the growth factors contained in the serum, as well as glucose and other energy components responsible for metabolic processes. When these factors are exhausted, the medium must be replenished for cells to continue growing and dividing (Fig. 5A) . The time interval between medium changes, or the effective culture time (ECT), is dependent on: (1) initial concentration of the particular substrate C 0 , (2) substrate uptake rate by the cells K m , (3) diffusivity of the substrate D, cell density σ, and the culture area A and medium volume V. As a first approximation, substrate uptake rate can be taken as the maximum reaction rate of the substrate with its enzyme based on MichaelisMenten kinetics. These parameters are then related via the Damkohler number Da, 46 where (1) Da is a dimensionless parameter that measures the ratio between reaction and diffusion time scales. In particular, Da can be rewritten as (2) where the numerator represents the diffusion time scale τ d = h 2 /D, and the denominator represents the reaction time scale τ r . For microscale cell culture, h is typically 5 to 10 times smaller than in macroscale culture, implying that Da is up to an order of magnitude lower in microchannels. Thus, reaction times dictate the speed of the process because diffusion to the top of the microchannel happens much more quickly than the reaction of all the substrate at the bottom. (Macroscale cultures would be heavily dependent on diffusion times to drive the speed of substrate consumption because the medium is deeper. However, at this scale, cultures are aided by free convection in the system, which mitigates the dependence on diffusion.) Since τ r is equivalent to ECT in diffusion-dominant systems, and τ r is linearly proportional to h, the ECT can be scaled according to the height of the microchannel, i.e., ECT ∝ h. For example, a typical macroscale culture may contain ~10 mL of medium in a Petri dish of ~80 cm 2 , resulting in a medium height of h ≈ 1.2 mm. For many cell types, medium is replaced every 48 h. For a microchannel of h = 200 µm, the ECT is expected to be reduced by a factor of ~ 6, which suggests that medium should be replenished every 8 h to maintain similar culture conditions. This approximation is in good agreement with previous experiments conducted by the author, who optimized feeding intervals for microscale culture of endothelial cells by trial and error, and concluded that the ECT was 8 to 12 h (maximum). The derivation of Da is also consistent with past experiments regarding the effects of channel height on microfluidic cell culture. 47 
Critical perfusion rate (CPR)
Similar scaling arguments can be used to obtain a critical perfusion rate (CPR), which can provide a guide for designing proper perfusion systems in microfluidic devices. In a straight microchannel of height h and length L, perfusion of the channel at a constant flow velocity U m means that it would take τ c ≈ L/U m for substrates carried by the fluid to travel from inlet to outlet (the convection time scale, or media residence time21). As a first approximation, we assume that the substrate uptake rate K m is constant and uniform across the cell culture area A, and is independent of substrate concentration. We also assume that because substrate is continually being consumed along the length of the channel that substrate concentration varies linearly with the length of the channel such that C = C(x), and C = C 0 at the inlet x = 0 (Fig.  5B) . A dimensionless parameter, similar to Da, can be derived for the ratio of convection and reaction time scales:
If we define the critical perfusion rate (CPR) as the velocity at which the substrate concentration just reaches zero at the outlet, i.e., C = 0 at x = L, then CPR coincides with κ = 1 since the time scale needed for total consumption of the substrate would be on the order of the time scale for convection from inlet to outlet. For perfusion to be sufficient for replenishing media, κ > 1 such that convective time scale dominates and substrates travel through the microchannel before being completely consumed. If κ < 1, perfusion is too slow and substrate is entirely consumed before the end of the microchannel, leaving cells near the outlet end devoid of necessary media components. The CPR can be calculated then for κ = 1, (4) Since τ r = ECT, eqn (4) states that the CPR can be estimated by dividing channel length by the effective culture time.
The goal of these concepts was to extend the idea of the ECV to arrive at quantitative measures that can aid in the design process of microfluidic geometries. These approximations are ballpark estimates designed to provide the practitioner with guidelines for culturing at the microscale based on experiences at the macroscale. If the system is static, and the ECT at the macroscale is known, the microscale ECT can be estimated from the change in h; and if the system is to be perfused, the CPR can be estimated from eqn (4). As a final note, the dimensionless parameter κ can also be derived by combining Da, the Peclet number, Pe = U m h/D, and the height-to-length ratio, α = h/L.
Recent developments & emergent challenges
The ultimate goal in microfluidic cell culture research is to simultaneously improve model accuracy and experimental efficiency in hopes of benefitting biological research. The success of this endeavor is most often measured by progress in three main areas: (1) improving the ability to control the cell microenvironment, (2) realizing the promise of high-throughput capabilities, and (3) successfully integrating additional functionality. While the past five years have seen significant strides in each of these key areas, the overall impact of microfluidics on modern biology continues to be marginal, and much of the potential of microfluidics that was promised continues to be largely unfulfilled. This is apparent from the lack of widespread acceptance within the biology community to adopt microfluidic methodologies into their laboratories. To advance the field toward more mainstream acceptance, it is beneficial to discuss the current state of the art, evaluate the recent progress within these main areas of development, and identify remaining challenges that need to be addressed in order for microfluidics to become truly useful to biologists.
First, in terms of novel techniques for creating improved cell microenvironments, recent developments have been quite significant. Membrane devices have been developed to separate microchannels into upper and lower compartments that can be used to model the apicalbasolateral polarization of endothelial cells. 39 More recent advances in modeling of the cell microenvironment have focused on the generation of in vivo-like ECM constructs for supporting 3D cell growth and examining cell migration. 48 Certain microfluidic models have also been coupled with high-resolution optical microscopy to provide important insights about ECM remodeling in the presence of cells (Fig. 6) . 49 All these reports collectively represent significant advances in the area of microfluidics, especially in comparison to the early work in the field that addressed more prosaic issues (such as proper maintenance of cultures at the microscale and improving cell viability) that were no less important at the time. However, the unfortunate reality is that these novel developments may not necessarily lead to significant impact in biology because they may be too complex to implement on a larger and broader scale. Questions remain regarding the ability to expand such sophisticated systems to high throughput platforms, and the challenge will be to achieve that sophistication while also maintaining userfriendliness to biologists.
Secondly, regarding the progress of high-throughput biological platforms, a number of systems have surfaced in the literature describing organized arrays of microchannels for cell biology studies. For example, a fully automated tube-based microfluidic system has been reported that can individually address 96 separate culture chambers, culture cells for up to a week, and track cell proliferation and differentiation. 30 While this is perhaps the most impressive demonstration to date of the full capabilities that can be achieved by microfluidics, it has also confirmed the various issues associated with tube-based systems regarding complexity and the lack of accessibility to biologists, who would prefer that experimental procedures remain simple and manageable even when microfluidics is expected to add more sophistication to experimental design. Ideally, traditional procedures such as cell seeding, fixation, immunostaining, western blotting, and real-time polymerase chain reactions (RT-PCR) can be performed at high throughput on microfluidic devices, with equal or better sensitivity, using existing infrastructure and equipment that are familiar to biologists. Several studies have adopted this philosophy, and have described tubeless microfluidic devices that use common laboratory equipment such as automated liquid handling systems and plate readers to carry out pipetting operations and fluorescence intensity measurements on arrays of microchannels (Fig. 7) . 33, 50 The contrast between the two pumping strategies is evident: while scaling up a tube-based system inherently means that the number of tubes and connections must also be scaled accordingly, scaling up tubeless systems merely requires increasing the number of pipetting operations. This advantage has prompted ongoing developments in this area that will see the use of an automated liquid handling system to handle a complete experiment, from microchannel priming steps to cell seeding, media replenishment, fixation, and immunostaining, that involve over 60 000 pipetting operations over ten microchannel plates, each containing 192 microchannels. 51 Finally, in terms of integrating functionality, there is significant effort in the microfluidics community to develop systems with integrated on-chip components. To date, integrated components have included: on-chip optical waveguides for laser-induced fluorescence detection, 52 channel-embedded carbon microelectrodes for amperometric detection of cellsecreted analytes, 53 integrated micropumps and valves for manipulating fluid flow, 20 electromagnetic coils for magnetic-based cell separation, 54 and electrode arrays for digital microfluidic platforms interfaced with channel-based microfluidics, 55 just to highlight a few of the many novel contributions. A review of on-chip analysis for biological cells is available for much of the work in this area. 56 While many of these studies are excellent proof-of-principle demonstrations of what can be achieved through the integration of additional on-chip components, the overall impact of these tools on biological research at large is uncertain. The main issue appears to be how biologists perceive the practicality of on-chip components, especially when they still require external equipment, such as off-chip light sources, power supplies, and data acquisition systems, for operation. A common misconception is that adding functionality to microfluidic systems is synonymous with adding more microfluidic components on chip. This emphasis (on adding components rather than adding functionality without more components) is perhaps another reason microfluidics has yet to reach its full potential. From a biologist's perspective, additional functionality can be achieved without adding more parts, as long as microfluidic channels are designed for compatibility with existing techniques. For example, in-cell westerns (ICW) for measuring protein expression on cells can be substituted for traditional western blotting when using microfluidic devices, provided that equipment such as fluorescence or infrared scanners are available for detection. 23 Thus, as long as endpoints are measured with higher efficiency and equal or better sensitivity, the need for excessive components on-chip may become less important as the field advances.
While the three key areas of development (microenvironment control, high throughput advancement, and integrated functionality) have all experienced noticeable growth and progress the past five years, the above discussion has revealed that divisions exist between the individual topics within the field of microfluidic cell culture. Often, researchers concerned with one area of development, such as the integration of functionality, are not fully aware of the developments in another area, such as microenvironmental control. This is likely the main reason why microfluidics has yet to fulfill its promise. In fact, the subsets of microfluidic cell culture research need not be mutually exclusive. For microfluidics to have a lasting impact on biology, it will likely require a more concerted effort amongst microfluidics researchers and biologists to communicate ideas between the fields more openly, integrate the ideas between these fields, and advance microfluidic cell culture as a whole. Doing so will likely lead to a greater impact than that achieved by advancing the field as individual parts.
Conclusions and outlook
Culturing cells in microfluidic environments requires fundamental knowledge of multiple topics, including cell biology, cell culture techniques, microfluidics, and the physics of the microscale. In order to develop significant progress in the field, it is important to integrate ideas from these basic topics, and use them to devise new tools and concepts that have the potential to aid future design and implementation. Concepts such as ECT and CPR arise out of a need to design devices with a more systematic approach. As we continue to make progress, it would be ideal for there to be a framework on which more theoretical concepts of microfluidic cell culture can be based.
As we strive towards a full integration of biology with microfluidics, it is apparent that we must also take advantage of the flexibility in microfluidic design to conform to the needs of biologists. To this end, simple translatable technologies will likely prevail over complex systems, and control of more in vivo-like microenvironments will steer biologists to the new advances that the microscale has to offer. Trends toward the use of existing infrastructure and equipment such as automated liquid handling systems, plate readers and pipettes, and toward the use of common bioware materials like polystyrene will also help to attract biologists to microfluidics.
The field of microfluidic cell culture is growing at a remarkable pace. Myriad research areas including stem cell differentiation, neural regeneration, cell-based and point-of-care diagnostics, gene transfer, and high-throughput genetic screening are emerging and advancing quickly with the aid of microfluidics technology. These niche areas will likely continue to rely on technological breakthroughs at the microscale before major progress can be realized in their respective fields. While a critical discussion of these topics is beyond the scope of this review, we need to acknowledge that the potential for microfluidics to impact modern biology is apparent, and that the only limit to this potential is the imagination of scientists and engineers. However, the key to the further advancement in microfluidic cell culture will be our ability to seamlessly integrate the fundamental concepts developed in cell microenvironments, cell culture techniques, and microfluidic tools so that biology experiments in the future can be designed to satisfy the principles of all areas. The cell microenvironment consists of physical, biochemical, and physicochemical factors. For example, the endothelium that lines blood vessels is exposed to hemodynamic shear stress (external physical force) that stimulates a biochemical response, releasing nitric oxide (NO). NO diffuses to neighboring smooth muscle cells (SMCs), where it regulates cell contraction and relaxation. The gradient of diffused NO affects nearby SMCs more than distant SMCs. Endothelial cells are anchored to the basement membrane, while SMCs are anchored to the extracellular matrix of the interstitium, both via integrins that act as sensors and transducers of physical force. Local physicochemical properties ensure proper regulation of both physical and biochemical mechanisms. A fully automated PDMS-based microfluidic cell culture system consisting of 96 individually addressable cell culture chambers (blue dye), on-chip peristaltic pumping (lower right inset), and multiplexing capabilities that allow different mixtures of reagents to be formulated. Reprinted with permission from Gomez-Sjoberg et al 30 Copyright 2007 American Chemical Society. Passive pumping relies on surface tension of small droplets to pump fluid from inlet to outlet. A smaller drop of radius R i has an internal pressure P i greater than the pressure in a larger drop of radius R o because of Laplace's law (ΔP = 2γ/R), where ΔP is the pressure difference across the liquid-air interface of the droplet, and γ is the surface tension at the interface. To ensure all cells in a microfluidic culture are being replenished sufficiently with perfused media, perfusion rate U m must be large enough to displace exhausted media (κ > 1). CPR is defined as the perfusion rate where κ = 1. This can be determined by dividing channel length with ECT. Array of 192 microchannels in standard microtiter plate format. Straight microchannels contain access ports to allow passive pumping.
Biographies

